Eukaryotic cell surfaces are decorated with a complex array of glycoconjugates that are usually capped with sialic acids, a large family of over 50 structurally distinct nine-carbon amino sugars, the most common member of which is N-acetylneuraminic acid. Once made available through the action of neuraminidases, bacterial pathogens and commensals utilise host-derived sialic acid by degrading it for energy or repurposing the sialic acid onto their own cell surface to camouflage the bacterium from the immune system. A functional sialic acid transporter has been shown to be essential for the uptake of sialic acid in a range of human bacterial pathogens and important for host colonisation and persistence. Here, we review the state-of-play in the field with respect to the molecular mechanisms by which these bio-nanomachines transport sialic acids across bacterial cell membranes.
Introduction
Eukaryotic cell surfaces are decorated with complex glycoconjugates, such as glycoproteins, glycolipids and lipopolysaccharides. Negatively charged sialic acids are often found as the terminal sugar of these cell surface glycoconjugates, where they mediate a diverse array of cellular interactions, recognition and adhesion processes. Sialic acids comprise a large family of over 50 structurally distinct nine-carbon amino sugars ( Fig. 1) , the most common member of which is known as Nacetylneuraminic acid. Derivatives of this molecule carry various substituents at the amino or hydroxyl groups across the molecule (see the review by Vimr et al. 2004) .
Human mucus-rich environments, such as the respiratory or gastrointestinal tracts, contain sialic acid-coated glycoconjugates and bacteria that colonise these environments have evolved mechanisms to use host-derived sialic acid for a competitive advantage (see the review by Lewis and Lewis 2012) . Almagro-Moreno and Boyd (2009) found that sialic acid catabolism is largely confined to commensal or pathogenic bacteria and that most of these species colonise sialic acid-rich areas, such as the respiratory or gastrointestinal tracts, suggesting a link between sialic acid uptake/utilisation and survival in vivo. Under normal physiological conditions, sialic acid is covalently bound to glycoconjugates, and, by definition, is unavailable for utilisation by bacteria. The concentration of free sialic acid in the human respiratory and gastrointestinal tract is not well characterised, although in human serum, for example, the concentration of sialic acid is 1.6-2.2 mM, while the free concentration is~0.5-3 μM, representing a relative free abundance of less than 0.2% (Sillanaukee et al. 1999) .
To make sialic acid available, bacterial pathogens release it from the glycoconjugate using a neuraminidase enzyme, which hydrolyses the linkage between the sialic acid molecule and the subterminal sugar of the glycoconjugate (reviewed by Lewis and Lewis 2012) . Neuraminidases are produced either endogenously by the host in response to inflammation or exogenously by neuraminidase expressing bacteria present in the sialylated niche (see the review by Vimr et al. 2004 and references therein) .
Once available, bacterial pathogens utilise host-derived sialic acids in one of two ways. Firstly, using a strategy known as molecular mimicry, pathogens can incorporate sialic acid into their cell surface macromolecules, to essentially circumvent the host's innate immune response (Bouchet et al. 2003; Vimr et al. 2004; Severi et al. 2007) . At least four methods of cell surface sialylation have evolved among bacterial pathogens, including precursor scavenging, de novo biosynthesis, donor scavenging and trans-neuraminidase activity (reviewed by Vimr et al. 2004) . Secondly, sialic acid can be metabolised as a source of carbon, nitrogen and energy (Vimr and Troy 1985; Olson et al. 2013) . The utilisation of host-derived sialic acid provides an alternative nutrient source for bacterial pathogens and a possible selective advantage in the human host. The enzymology and structural biology of sialic acid catabolism is well established (for example, see North et al. 2013 North et al. , 2014a North et al. , b, 2016 Caing-Carlsson et al. 2017) , although some mechanistic details are yet to be elucidated.
A functional sialic acid transporter is essential for the uptake of sialic acid in a range of human bacterial pathogens, including Escherichia coli (Vimr and Troy 1985) , Haemophilus influenzae (Severi et al. 2005) and Salmonella enterica (Severi et al. 2010) . This suggests that these organisms have a dedicated transporter that is the sole route for sialic acid uptake. Moreover, disruption of the genes encoding sialic acid transporters impairs outgrowth of Salmonella enterica serovar Typhimurium and Clostridium difficile during post-antibiotic expansion (Ng et al. 2013) , and of E. coli during intestinal inflammation (Huang et al. 2015) . In vivo mouse models demonstrate that sialic acid import and utilisation is critical for pathogen colonisation and persistence of E. coli (Chang et al. 2004) , Vibrio cholerae (AlmagroMoreno and Boyd 2009), V. vulnificus (Jeong et al. 2009 ) and Streptococcus agalactiae (Pezzicoli et al. 2012) . Humans synthesise N-acetyl neuraminic acid and have dedicated membrane transporters to deploy it onto their surface, although these share little homology to the bacterial transporters. Thus, developing novel inhibitors that target these transporters is a plausible strategy for blocking bacterial pathogens. Here, we review the literature regarding bacterial sialic acid import. To date, there are no structural data to explain how these transporters mediate the transport of specific sialic acids across the cytoplasmic membrane, a key limitation in the field. Understanding this will be critical for the design of future antibiotics against these targets. An asterisk represents positions that are modified to give variation. These include acetyl groups or the less common lactyl, phosphate, succinyl and methyl groups. b Lactone derivative, the third highest detected sialyl metabolite in the human gut. c 9-O-Acetylated derivative, the second highest detected sialyl metabolite in the human gut. d N-Glycolylneuraminic acid. Differing at the C-5 acetamido group, this sialyl metabolite is common in most mammals, but is not synthesised by humans
Import of sialic acid across the outer membrane in Gram-negative bacteria For Gram-negative bacteria, sialic acid must first cross the outer cell membrane before it can be imported into the cell (Fig. 2 ). This can occur by simple diffusion through nonspecific porins, such as the outer membrane proteins OmpF and OmpC via facilitated diffusion through specific channels, such as the N-acetylneuraminic acid-inducible outer membrane channel NanC, or using active transport mediated by TonB-dependent outer membrane protein receptors. Porins form water-filled open cavities and allow molecules to traverse the outer membrane largely via passive diffusion (Galdiero et al. 2012) . OmpF and OmpC, commonly referred to as general porins, facilitate non-specific diffusion of a range of small solutes (less than 600 Da) across the outer membrane, driven largely by concentration gradients between the extracellular environment and periplasmic space. However, for molecules that are present at low extracellular concentrations, such as sialic acids, substrate-specific channels or active transporters are required for efficient uptake.
The best studied sialic acid porin is NanC from E. coli. The crystal structure reveals two parallel sequences of basic amino acids that line the pore and are likely to be important for the translocation of negatively charged sialic acid(s) (Condemine et al. 2005; Wirth et al. 2009 ). NanC is suggested to be specific for sialic acid, although it is not known whether different types of sialic acid, other acidic sugars or even sialic acid oligomers can diffuse through the pore. The exact role of the two electropositive tracks in translocation is unclear.
The recently characterised NanOU system from Bacteroidetes species is the first example of a more complex system of active transport across the outer membrane. This system is comprised of a β-barrel protein predicted to be of the TonB-dependent receptor family, the outer membrane permease NanO and an extracellular neuraminate uptake protein, NanU (Fig. 2) . The crystal structure of NanU from B. fragilis has been determined, and functional studies demonstrate that Fig. 2 Sialic acid transporter types. Within Gram-negative bacteria, sialic acid must first cross the outer cell membrane before it can be imported into the cell. This can occur by simple diffusion through the non-specific porins, OmpF and OmpC (grouped together). Specific channels, such as NanC, allow for the facilitated diffusion of sialic acid, whereas the NanOU system allows for the active transport of sialic acid. This is mediated by an extracellular uptake protein NanU, which binds sialic acid, the β-barrel NanO and the TonB complex, which energises the transport. Once in the periplasmic space, the processing enzymes NanM (yellow square) and NanS (yellow triangle) are known to mutarotate between the anomeric states of sialic acid and deacetylate the 9 position of 9-O-acetylated derivative, respectively. Some transporter systems require a periplasmic or cell surface-associated substrate binding protein (green circles) which interacts with the membrane component of the respective transporter. Finally, to traverse the inner membrane, bacterial pathogens have evolved multiple mechanisms of sialic acid transport which vary between species. ABC transporters are primary transporters that couple solute translocation with the hydrolysis of ATP by the ATPase domains. TRAP, NanT and SiaT transporters are secondary transporters that couple solute translocation with an electrochemical gradient. It is unclear whether TRAP sialic acid transporters are proton-or sodium ion-dependent, but NanT sialic acid transporters have been shown to be proton-dependent, while SiaT sialic acid transporters have been shown to be sodium iondependent. The stoichiometry of ions required for transport is not well understood. YjhB is a putative permease, which is similar in topology to NanT, although it lacks the central hydrophilic domain. While the other transporters are believed to transport N-acetylneuraminic acid, YjhB is suggested to transport less common derivatives. For simplicity, sialic acids are depicted as orange circles, while the membranes are in grey it binds sialic acid with high affinity (K D~0 .4 μM) (Phansopa et al. 2014) . Bacteroides fragilis NanU associates with the outer membrane and enhances transport through NanO at low N-acetylneuraminic acid concentrations. Efficient transport requires a functional TonB-ExbB-ExbD complex, which couples proton-motive force with transport to drive import.
Once sialic acids traverse the outer cell membrane, they arrive at the periplasmic space. Here, two enzymes are known to carry out the further processing of sialic acid for its subsequent transport across the cytoplasmic membrane (Fig. 2) .
The E. coli nanCMS operon encodes the specific channel NanC, a sialate mutarotase (NanM) and a sialate O-acetyl esterase (NanS). NanM is responsible for accelerating the conversion of the α-sialic acid anomer to the more thermodynamically stable β-sialic acid anomer (Severi et al. 2008) , which is presumably the anomer that is transported by dedicated cytoplasmic membrane transporters. NanS is essential for the growth of E. coli on 9-O-acetylated sialic acids, a derivative present in human mucin oligosaccharides (Robbe-Masselot et al. 2009; Steenbergen et al. 2009 ).
Prior to import across the cytoplasmic membrane, periplasmic binding proteins (also referred to as extracytoplasmic solute receptors) bind sialic acid within the periplasm and deliver it to the cytoplasmic TRAP and ABC membrane transporters, conferring specificity and maintaining high affinity within the system. Structures of periplasmic binding proteins from the TRAP transport systems reveal significant conformational changes upon sialic acid binding (Johnston et al. 2008) , which may be controlled by a proton-linked pathway, leading to the suggestion that protons may also be involved in sialic acid transport by the TRAP transporters (Gangi Setty et al. 2014 ).
Import of sialic acid across the cytoplasmic membrane
Bacterial pathogens have evolved multiple mechanisms of sialic acid transport across the cytoplasmic membrane, which vary between species (Almagro-Moreno and Boyd 2009). To date, four unique transporter families have been recognised, including those from the ATP binding cassette (ABC), tripartite ATP-independent periplasmic (TRAP), major facilitator superfamily (MFS) and sodium solute symporter (SSS) transporter families (Fig. 2) .
ATP binding cassette (ABC) transporters for sialic acid transport
The ABC superfamily of transporters is one of the largest families of transporters, with representatives in all phyla (Jones and George 2004) . Containing uptake and efflux systems, this superfamily is made up of numerous families and subfamilies that vary in their substrate specificity (Saurin et al. 1999) . They transport a variety of substrates across both extracellular and intracellular membranes, including ions, sugars, amino acids, peptides, polysaccharides and even proteins. ABC transporters are known as primary transporters because they utilise the energy generated from ATP hydrolysis to transport solutes across a membrane (Higgins 1992) .
ABC importers and exporters are present in prokaryotes. ABC importers are classified into three groups, including canonical ABC importers of type I and type II classes, and the more recently classified type III class of ABC importers, known as the Benergy-coupling factor^transporters (Eitinger et al. 2011) . Except for type III ABC importers, all ABC transporters are composed of four domains: two transmembrane domains that are similar in structure, forming the translocation pathway, and two cytoplasmic nucleotide binding domains that hydrolyse ATP (Higgins 1992) . These four domains can exist as pairwise but individual subunits, or as fused transmembrane domains and/or nucleotide binding domains. For ABC exporters, the transmembrane domains and NBD domains are fused, while for importers, the core transmembrane domains and nucleotide binding domains are generally separate chains. The type I and type II ABC transporters contain an additional periplasmic or cell surface-associated binding protein that bind substrates with high affinity and deliver them to the transmembrane domains. Since the first highresolution structure of the E. coli vitamin B 12 ABC transporter (Locher et al. 2002) , a handful of other structures have been solved, some of which are in complex with their substrate binding proteins (for example, Oldham et al. 2008; Hohl et al. 2012; Woo et al. 2012; Shintre et al. 2013 ).
The first sialic acid ABC transport system was identified and characterised in Haemophilus ducreyi (Post et al. 2005 ). The components that make up the H. ducreyi ABC transporter include a periplasmic substrate binding protein (SatA), an integral membrane permease domain (SatB) and an ATPase domain (SatD). A SatC subunit contains an integral membrane permease domain fused with an ATPase domain, as in many bacterial ABC exporters. This architecture is unique and the structure of SatBCD will further contribute to our understanding of this diverse membrane transporter superfamily. Recently, a similar SatABCD system has been identified in Corynebacterium glutamicum, a soil bacterium, as well as C. diphtheriae, C. ulcerans and C. pseudotuberculosis (Holder et al. 2011; Gruteser et al. 2012 ). An ABC transporter system for sialic acid has also been identified in S. pneumoniae, with a more typical structural organisation (Marion et al. 2011a, b) . Here, the transporter has two transmembrane permeases (SatBC), and the two ATPase domains are a shared ATPase (msmK) that is responsible for energising multiple carbohydrate transporters (Marion et al. 2011a) . Although the import of sialic acid by ABC transporters is not well characterised in other organisms, sequence alignment predicts that S. agalactiae, S. gordonii, S. pyogenes and S. sanguinis also utilise an ABC-type transport system for sialic acid (Almagro-Moreno and Boyd 2009).
Tripartite ATP-independent periplasmic (TRAP) transporters for sialic acid transport TRAP transporters constitute a large family of specific solute transporters, all of which transport organic acids. Surprisingly, they were only identified in the late 1990s (Forward et al. 1997) , long after the discovery of other bacterial transporters. For drug discovery, TRAP transporters are of particular interest because they are widespread across bacteria and archaea, but are not found in eukaryotes (Kelly and Thomas 2001) .
Solutes transported by the TRAP family include a range of C4-dicarboxylates, α-keto acids, aromatic substrates and amino acids (Mulligan et al. 2011) . TRAP transporters are secondary transporters that use an electrochemical gradient to facilitate solute transport (Kelly and Thomas 2001) . Secondary transporters couple the movement of an ion down an electrochemical gradient with the movement of another ion or molecule against a concentration and/or electrochemical gradient. Unlike primary transporters, there is no direct coupling of ATP to allow movement of an ion or molecule across the membrane. By definition, secondary transporters operate in both directions, depending on the direction and magnitude of the concentration and/or electrochemical gradient (Poolman and Konings 1993; Severi et al. 2010) .
TRAP transporters comprise three subunits: the substrate binding protein, a large membrane spanning subunit and a small membrane spanning subunit.
Much of the work to date has focused on the soluble substrate binding proteins, many of which have been crystallised and their affinity to ligands well characterised (Johnston et al. 2007; Gangi Setty et al. 2014) . Like ABC transporters, the purpose of the substrate binding protein is to bind substrate with high affinity and specificity and present it to the membrane spanning domains of the transporter for transport across the membrane (Doeven et al. 2004; Mulligan et al. 2009 ). The substrate binding protein is found either free in the periplasm of Gram-negative bacteria or anchored to the cytoplasmic membrane in Gram-positive bacteria and archaea (Kelly and Thomas 2001) . In contrast, the full TRAP transporter systems are not well characterised, owing to a lack of molecular data describing their structure. The large membrane spanning subunit is predicted to form the membrane translocation pathway through which the substrate passes (Mulligan et al. 2012) . The small membrane spanning subunit, which is predicted to contain four transmembrane helices, has been shown to be essential for transport, but its function remains unknown. It also remains unclear whether TRAP sialic acid transporters are either general proton-or general sodium ion-dependent, since there is only one example (below), which is sodium ion-dependent.
TRAP type sialic acid transporters are present in the Pasteurellaceae and Vibrionaceae families (Almagro-Moreno and Boyd 2009). The first sialic acid TRAP transporter system to be characterised in vitro was from H. influenzae (Mulligan et al. 2009 ), where the small and large membrane spanning subunits are fused. This work demonstrates that, for this TRAP, the substrate binding protein (SiaP) is required for transport and that an electrochemical sodium gradient drives transport. Interestingly, the substrate binding protein is also necessary for reverse transport, suggesting that the interaction is important for changing the conformation of the channel from the open-inward state to the outward-open state. More recently, the same group has determined that the V. cholerae sialic acid TRAP, which is not fused, has a stoichiometry of one large membrane spanning subunit to one small membrane spanning subunit (Mulligan et al. 2012 ).
Sugar proton symporters for sialic acid transport
The sugar proton symporter from E. coli, NanT, was the very first sialic acid transporter to be discovered (Vimr and Troy 1985) . NanT type sialic acid transporters are present in a range of human pathogens within Enterobacteriaceae and Bacteroidetes (Almagro-Moreno and Boyd 2009). NanT is a secondary transporter, meaning that it utilises an electrochemical gradient to facilitate the energetically unfavourable transport of sialic acid against its concentration gradient. NanT is a secondary transporter belonging to the major facilitator family, which utilises the proton electrochemical gradient (pH gradient) to facilitate the unfavourable co-transport of sialic acid against its concentration gradient (Martinez et al. 1995; Vimr et al. 2004; Severi et al. 2010) . The stoichiometry of protons required for the transport of sialic acid by NanT is yet to be confirmed.
Most major facilitator superfamily transporters consist of 12 transmembrane helices, placing both the N-and C-termini on the cytoplasmic side of the membrane (Huang et al. 2003) . The transmembrane helices are split into six-helical bundles that form amino-and carboxyl-domains connected by an extended central loop within the cytoplasm (Maiden et al. 1987) . A number of crystal structures have been solved for other members of the major facilitator superfamily, the first of which includes the E. coli lactose permease sugar proton symporter (Abramson et al. 2003 ) and the glycerol-3-phosphate inorganic phosphate antiporter (Huang et al. 2003) . The mechanism by which these transporters are proposed to move molecules across a membrane is described as the Brocker switch^mechanism (Abramson et al. 2003; Huang et al. 2003) . In this mechanism, the transporter alternates between an inward-and outward-facing conformation, where the substrate binding site is only accessible on one side of the membrane at any given time (Huang et al. 2003) . More recently, crystal structures of several sugar porter subfamilies within the major facilitator superfamily have been determined, including E. coli D-xylose proton symporter and three eukaryotic glucose transporters (Sun et al. 2012; Deng et al. 2014 Deng et al. , 2015 Nomura et al. 2015) . On the cytoplasmic side of the structures, instead of an extended central loop, a unique intracellular four-helix domain has been discovered, located between the Nand C-domains. This intracellular four-helix domain has been proposed to be a structural characteristic feature for the sugar porter subfamily in general and is involved in the intracellular gating of the transporters (Sun et al. 2012; Deng and Yan 2016) .
Our understanding of sugar proton symporters for sialic acid transport at a molecular level is limited to E. coli NanT (Martinez et al. 1995) . Based on the protein sequence, the E. coli NanT sialic acid transporter is predicted to consist of 14 transmembrane helices (Martinez et al. 1995) , as opposed to the usual 12 transmembrane helices found in the major facilitator superfamily. Twelve of the transmembrane helices that make up NanT contain residues that are conserved within the major facilitator superfamily (Vimr et al. 2004 ). However, the two centrally located helices are absent in other secondary transporters (Martinez et al. 1995; Vimr et al. 2004) . One of these is predicted to form an amphipathic helix, which may be important for the specificity of this protein towards sialic acid (Vimr et al. 2004) . Although E. coli NanT only shares 16.7% identity with XylE, several sugar porter subfamily signature motifs have been identified, including the highly conserved ' G R R ' m o t i f b e t w e e n T M 2 a n d T M 3 a n d t h e 'EXXXXXXRG(N)' motif between TM4 and TM5 (Martinez et al. 1995) . These centrally located membrane helices may form an intracellular four-helix domain, as seen in other sugar transporters.
Sodium solute symporters (SSS) for sialic acid transport
More recently, a novel type of sialic acid transporter (SiaT) has been discovered from S. enterica serovar Typhimurium linked to genes encoding enzymes involved in sialic acid processing and utilisation (Severi et al. 2010) . SiaT type sialic acid transporters are present in various other organisms and clinically important human bacterial pathogens, including Staphylococcus aureus (Olson et al. 2013) , Photobacterium p ro f u n d u m ( A l m a g ro -M or e n o a n d B o yd 2 0 09 ) , C. perfringens (Walters et al. 1999 ) and C. difficile (Ng et al. 2013) . The genes encoding SiaT transporters are widespread among both Gram-positive and -negative species of bacteria, whereas other types of sialic acid transporters are less widespread (Severi et al. 2010) .
SiaT belongs to the sodium solute symporter (SSS) family of secondary transporters that co-transport sodium ions with sugars, amino acids, inorganic ions or vitamins (Wright et al. 2004) . SSS transporters depend on a sodium gradient for the movement of their respective solutes across the cytoplasmic membrane. This has been demonstrated for the S. enterica serovar Typhimurium SiaT, as its functionality is dependent upon the presence of sodium ions (Severi et al. 2010) . It has long been established that cells maintain a low intracellular concentration of sodium ions by actively pumping them out of the cell. In combination with the negative potential of the membrane, this provides the driving force for the transport of solutes into the cell (Schultz and Curran 1970; Faham et al. 2008) .
To date, the only representative of the SSS family for which the crystal structure has been solved is the sodium galactose transporter (SGLT) from V. parahaemolyticus (Faham et al. 2008) . The structure contains 14 transmembrane helices, and the core domain is comprised of two inverted repeats, which each contain five transmembrane helices; the architecture of this core domain resembles that of other sodium symporters, such as the sodium leucine symporter (LeuT) (Yamashita et al. 2005) , the sodium benzyl-hydantoin symporter (Mhp1) (Weyand et al. 2008 ) and the sodium glycine-betaine/proline-betaine symporter (BetP) (Ressl et al. 2009 ). Despite the structural similarity, these transporters do not share any sequence homology with one another or with the SSS family (Abramson and Wright 2009) . Similar to the mechanism described for the major facilitator superfamily transporters, sodium symporters also share an alternating access mechanism, where the transporter switches between an inward-and an outward-facing conformation for transport (Faham et al. 2008 ). In the case of sodium symporters, the sodium motive force drives these conformational changes. The stoichiometry of sodium ions required for transport by SSS transporters varies among family members. For some, two sodium ions are required for transport of their respective solute (Eskandari et al. 1997; Mackenzie et al. 1998) , whereas others require only one sodium ion (Turk et al. 2000) . The stoichiometry of sodium required for the transport of sialic acid by SiaT is not yet known.
Distribution of the cytoplasmic membrane sialic acid transporters
Whilst most bacterial pathogens possess only one type of sialic acid transporter, there are a few exceptions that are predicted to have two types from different families. For example, P. profundum has a SiaT and a TRAP type sialic acid transporter, S. pneumoniae has a SiaT and a putative ABC sialic acid transporter, and S. enterica serovar Typhimurium has a SiaT and a NanT sialic acid transporter, both of which are linked to operons containing genes involved in sialic acid utilisation (Almagro-Moreno and Boyd 2009; Severi et al. 2010) . It is not understood why these organisms produce more than one type of transporter, but it may allow the import of a larger range of sialic acid derivatives that are known in biological contexts.
Concluding remarks
It is an exciting time in the emerging field of sialic acid transporters, reflected in the growing number of studies that identify and begin to characterise the molecular mechanisms that underlie the function. Evidence is mounting to support the view that inhibition of these transport systems is a valid pathway to develop new antibiotics, which elevates the need for the structural and functional data to aid the design of inhibitors. However, many, if not most, transporters are poorly defined at a structural and functional level. A lack of molecular structures that detail how these proteins mediate the transport of sialic acid into bacterial cells means there are many unresolved questions. Given the range of different sialic acids, how is specificity achieved? Across the transporter superfamilies known to transport sialic acid in bacteria, what is the mechanism of transport? How is transport driven? In addition to being interesting questions in and of themselves, the answers may open the way to the development new antibiotics.
